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Using first principles modeling, we predict how substitutional doping can influence the mechanical
strength of a Ag/ZnO interface commonly found in various multilayer thin-film systems. Replacing
Zn with a monovalent dopant strengthens the interface while dopants with a valence greater than
two weaken it. Isovalent dopants have little effect. The results are explained in terms of charge trans-
fer and hybridization effects at the interface. Although monovalent dopants are mechanically pre-
ferred, they do not inhibit Ag inter-diffusion in ZnO and could possibly cause chemical degradation
of the interface. It is suggested that other dopants, such as Bi, avoid this issue by creating larger dif-
fusion barriers while maintaining a relatively strong interface. The results indicate that complete
control over the mechanics, kinetics, and chemistry of the interface requires a careful choice of
dopant types and concentrations. Published by AIP Publishing. https://doi.org/10.1063/1.5051987
I. INTRODUCTION
Silver is often deposited on ZnO (doped or undoped) to
enhance the conductivity as well as the low-emissivity of a
conductive and transparent multilayer thin-film system.1,2
Such multilayer systems are widely used as solar coatings in
the glass industry3 and as transparent electrodes in various
electronics applications such as flat-panel displays, thin-film
transistors, and solar cells.4–6 The observed orientation rela-
tionship is usually Ag(111)/ZnO(0001)7–9 with the ZnO
being oxygen-terminated (O-t) at the interface due to the
stronger Ag–O bonding and a relatively oxygen-rich environ-
ment during deposition.8
The current generation of such multilayer systems fea-
tures an oxide/metal/oxide structure (e.g., ZnO/Ag/ZnO or a
derivative thereof ) and is often manufactured using magne-
tron sputtering.1,9 The [110] direction in the Ag (111) plane
is found to align parallel to the [1100] direction in the ZnO
(0001) plane resulting in a relatively small lattice mismatch
of 2.6%.7 This mismatch together with differences in the
thermal expansion coefficients of the materials involved and
point defects produced during sputtering results in a residual
compressive stress in the multilayer, which is typically ∼1.5
GPa.3 The reduction of this stress is desirable since it may
contribute to interfacial delamination.10 One way of reducing
the stress is to adjust the lattice mismatch by doping ZnO.
For example, the addition of small amounts of Al, which first
principles calculations show substitute on Zn sites,11 lowers
the stress to ∼0.8 GPa.12–14 A further benefit of doping with
Al is that it inhibits the diffusion of Ag in ZnO,15 thus limit-
ing the chemical degradation of the multilayer. The smaller
crystal radius of Al (0.67 Å) compared to Zn (0.74 Å)16 pro-
vides a simple explanation for the stress relaxation. However,
further calculations on the strength of the Ag(111)/
AZO(0001) interface11 (AZO =Al-doped ZnO) show that the
presence of Al actually weakens it despite the reduction in
stress. This finding applies to an otherwise clean interface
which does not contain adsorbed gases or water. Electronic
structure analysis suggests that the weakening of the interface
could be explained using a compensation mechanism in
which interfacial oxygen atoms gain charge from Al and
local Ag–O bonds become weaker.11 Thus, the use of
chemical doping to improve the mechanical properties of a
Ag/ZnO interface does not necessarily produce the intended
result, and further theoretical studies are desirable. In this
paper, we present a systematic first principles computational
investigation into the strength of the Ag(111)/ZnO(0001)
interface doped with various additional elements including
those commonly used in applications such as Sc and
Sn.15,17,18 The formal valence of the dopant varies from 1 to
5 and the discussion focuses on the combined effects of
charge transfer and orbital interactions. In this work, valence
is defined as the number of valence electrons used in the
pseudopotential calculations excluding any d-electrons that
may be present. The implications of the results for the inter-
diffusion of Ag are also briefly discussed.
II. COMPUTATIONAL METHOD
The calculations were performed using the plane-wave
based density functional theory (DFT) code VASP.19,20 The
exchange-correlation functional was approximated using the
generalised-gradient approximation (GGA) as parameterized
by Perdew et al.21 and revised for solids (PBEsol).22 The
electronic wave functions were described by the projector
augmented wave (PAW) method.23,24 The chosen kinetic
energy cutoff of 500 eV was sufficient to produce a total
energy convergence of less than 0.02 eV/atom. The electronic
structure calculations were carried out with a Gaussian
smearing width of 0.05 eV and a convergence tolerance of
10−8 eV. Gamma-centered 5 × 5 × 2 k-point meshes were
a)Email: tw445@cam.ac.uk.
b)Author to whom correspondence should be addressed: pdb1000@cam.
ac.uk. Tel.: +44-(0)1223-334305.
JOURNAL OF APPLIED PHYSICS 124, 235304 (2018)
0021-8979/2018/124(23)/235304/7/$30.00 124, 235304-1 Published by AIP Publishing.
used for the interface calculations and a slightly reduced
density of 0.03 Å−1 was used for all other associated bulk
and defect calculations. The atomic positions were relaxed
using the conjugate gradient (CG) method using a tolerance
of 0.01 eV/Å for all force residuals. Charge transfer effects
were determined by plotting charge density difference maps.
Analysis on the interfacial bond strengths was performed
using the projected Crystal Orbital Hamilton Population
(pCOHP)25,26 method as implemented in the LOBSTER
code.27,28 The interfacial strengths were determined by calcu-
lating the ideal work of separation2,13 and atomic structures
were visualised using VESTA.29
A. Setup for the formation energies
Before proceeding to the interface calculations, it is neces-
sary to confirm the preferred incorporation mechanism in the
bulk for each dopant considered. Following previous calcula-
tions on Ag diffusion in doped ZnO,15 the formation energies
of 19 dopants were determined and the results are summarised
in Table I. An orthorhombic supercell containing 96 atoms
was employed based on the primitive hexagonal cell of ZnO.
Both the supercell dimensions and the fractional coordinates
of the atoms were relaxed to obtain the formation energies.
The lattice parameters of pure ZnO obtained using the PBEsol
functional (a ¼ b ¼ 3:236 Å and c ¼ 5:230 Å) agreed
well with the experimental values of a0 ¼ b0 ¼ 3:250 Å and
c0 ¼ 5:207 Å.30 Zn and O substitutions were considered
together with an octahedral interstitial. Oxygen-rich conditions
were assumed since these were closest to the deposition
environment at the ZnO surface, and this resulted in
oxygen and zinc chemical potentials of μO = −5.126 eV and
μZn =−4.577 eV, respectively. The chemical potentials were
obtained as described in the work by Lin and Bristowe.11 It is
seen that all dopants favor Zn substitution under these condi-
tions, which agrees well with other computational work.31
Therefore, when considering chemical doping at the interface,
only substitution on the Zn site was considered.
B. Setup for the interface calculations
In addition to determining the incorporation mechanism,
it is important to verify that the dopants are likely to be
TABLE I. Calculated formation energies ΔEf (eV) and chemical potentials
μ (eV) of various dopants in ZnO substituted on a Zn site, an O site, or
occupying an octahedral interstitial.
μdopant ΔEf , Zn ΔEf , O ΔEf ,i
Li −4.794 0.239 6.107 2.226
Na −3.266 0.271 7.259 2.865
Cu −5.608 0.956 7.143 3.985
Ag −3.425 1.059 5.914 3.741
Au −3.924 1.663 5.141 3.959
Mg −7.386 0.179 10.502 5.887
Ca −8.284 0.512 11.072 6.311
B −13.175 2.021 13.981 8.145
Al −11.976 1.560 14.415 9.251
Sc −15.788 2.044 13.544 8.991
Ga −8.284 1.178 11.869 7.888
In −7.220 1.695 11.475 7.451
Tl −3.519 0.272 8.047 5.155
Si −14.414 3.635 15.810 11.057
Ge −10.325 3.179 12.129 9.248
Sn −9.580 3.441 12.750 9.744
Pb −6.309 0.966 9.972 7.236
P −12.962 5.346 12.091 10.639
Bi −7.560 2.333 10.232 8.715
FIG. 1. Plan (upper-left) and side (upper-right) views of the Ag(111)/ZnO(0001) supercell with two interfaces: a zinc-terminated (Zn-t) interface and an
oxygen-terminated (O-t) interface. Zn, O, and Ag atoms are coloured gray, black, and cyan, respectively. A dopant atom is coloured purple. Only one layer of
Ag atoms adjacent to ZnO is shown in the plan view. The lower view shows the extended supercell with a vacuum (>10 Å) used to calculate the work of
separation.
235304-2 T. Wang and P. D. Bristowe J. Appl. Phys. 124, 235304 (2018)
present at the Ag/ZnO interface, i.e., there is a driving force
for segregation. To demonstrate this, hexagonal interfacial
supercells (a = b = 9.750Å and c = 30.00 Å) were constructed
by combining primitive cells of ZnO and Ag (a0 = 2.89 Å
32)
using the observed epitaxial orientation relationship. Periodic
boundary conditions were applied and two interfaces were
created, one oxygen-terminated and the other zinc-terminated
as shown in the top part of Fig. 1. The ZnO slab consisted of
6 (0001) bilayers each containing 18 atoms. The Ag slab con-
sisted of 6 (111) layers each containing 12 atoms and to obtain
lattice matching with the ZnO, each layer was biaxially com-
pressed by 2.6%. During optimisation, the supercell dimen-
sions and all atomic positions in the supercell were allowed to
relax without constraint. As a result, the interfacial cross-
sectional areas and interface spacings were simultaneously
optimised thereby minimising the stress. A dopant atom was
substituted into the ZnO slab at various distances from the O-t
Ag/ZnO interface. The relative energy of each doped system
as a function of the dopant distance from the interface is
shown in Fig. 2. It is seen that all dopants (except for Mg, Ca,
and Sc) tend to segregate to the interface, some more strongly
than others. Although Mg, Ca, and Sc show no clear driving
force to segregate immediately adjacent to the interface, it can
be assumed that some fraction of these elements will lie near
the interface. In the work of separation calculations that
follow, each dopant was substituted into the Zn layer right
next to the O-t interface as shown in Fig. 1.
III. RESULTS AND DISCUSSION
A. Ideal work of separation
To determine the strength of each doped Ag/ZnO inter-
face, the supercells described and relaxed in Sec. II B were
then extended along c using a vacuum (>10 Å) to eliminate
the Zn-t interface as shown in the lower part of Fig. 1.
The Zn-t free surface of ZnO was passivated by pseudo-H
atoms having a charge of 1/2 electron. Such passivation
has been shown to be sufficiently effective by checking the
electrostatic potential along the [0001] direction of ZnO
FIG. 2. The relative energy (eV) of each doped system as a function of the dopant distance (number of ZnO bilayers) from the O-t Ag/ZnO interface. The
energy is relative to the lowest total energy of the supercell in each case.
TABLE II. Valence of the dopants considered in this work (values in
brackets include the d-electrons) together with the interfacial area A and the
ideal work of separation (Zn indicates the undoped interface which has a
value of 2.006 J/m2). The total calculated interfacial bond strengths
(−iCOHP) are also given as displayed in Fig. 4.
Valence A (Å2) Widealsep ( J/m
2) −iCOHP (eV)
Li 1 83.07 2.419 46.42
Na 1 83.18 2.395 46.06
Cu 1 (11) 83.25 2.143 46.38
Ag 1 (11) 83.35 2.175 46.46
Au 1 (11) 83.42 2.195 47.00
Mg 2 83.07 2.052 41.91
Ca 2 83.20 2.041 43.02
Zn 2 83.05 2.006 42.01
B 3 82.59 1.644 38.74
Al 3 82.89 1.629 37.50
Sc 3 83.09 1.640 38.76
Ga 3 (13) 82.96 1.633 37.35
In 3 (13) 83.19 1.643 37.92
Tl 3 (13) 83.30 1.680 39.87
Si 4 82.76 1.258 33.52
Ge 4 (14) 82.88 1.258 33.29
Sn 4 (14) 83.17 1.306 35.24
Pb 4 (14) 83.30 1.700 42.05
P 5 82.74 0.928 29.64
Bi 5 (15) 83.27 1.485 38.76
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(see Fig. S1 in the supplementary material). The supercell
size was biaxially fixed using the cell dimensions from the
previous optimisation. The total energy of this extended
supercell EAg=ZnOBicrystal was determined without further relaxation.
The ideal work of separation Widealsep is defined as the
reversible work needed to cleave the relaxed interface if sub-
sequent surface diffusion and reconstructions are neglected,
Widealsep ¼ EZnOSlab þ EAgSlab  EAg=ZnOBicrystal
 .
A: (1)
FIG. 3. The difference in charge density between the interface model and the sum of the two separated slabs, viewed along [2110] in ZnO. A slice is taken
through the supercell which passes through the dopant, Zn, and O atoms. Using an RGB scale, red and blue regions represent charge density gain and loss,
respectively, with a density range of −0.006 to 0.005 1/bohr3.
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The term Eslab is the total energy of each individual slab and
A is the interfacial cross-sectional area. The individual slab
energies were obtained by replacing one of the relaxed slabs in
the supercell with vacuum and allowing no further relaxation.
The results are given in Table II, which also lists the formal
valence of each dopant (i.e., the number of valence electrons
treated explicitly by the pseudopotential) together with the opti-
mised values of the cross-sectional area. It is seen that Widealsep
decreases as the dopant valence increases, i.e., relative to the
undoped interface, monovalent ions strengthen it while triva-
lent, tetravalent, and pentavalent ions weaken it. However,
there is no obvious relationship with the interface area.
The relationship between Widealsep and dopant valence can
be understood in terms of a simple charge transfer mecha-
nism. For example, a dopant with a valence greater than that
of Zn will donate a fraction of the excess charge to its O
neighbours and, in particular, to the O atom immediately
adjacent to the interface (which is O-terminated). The
increased charge on this O atom suppresses charge transfer
from its neighbouring Ag atom across the interface resulting
in a weaker Ag–O bond. The opposite effect occurs when the
dopant has a valence less than Zn leading to a reduction in
charge on the interfacial O atoms and a strengthening of the
Ag–O bonds. Evidence for this model can be seen in Fig. 3
which shows charge density difference maps near the inter-
face when it is doped with different elements. For example,
the red regions at the interface coinciding with Ag–O bonds
generally reduce in size as the valence of the dopant
increases (red represents charge density gain relative to the
separated slabs). There are exceptions to this such as Tl, Pb,
and Bi, and these are discussed further below. However, the
overall trend is a progressive weakening of the interfacial
bond strengths across the series.
B. Interfacial bond strength
Since the charge density difference is only a qualitative
measure of the interfacial bonding, further quantitative analysis
of the bond strengths was performed. The pCOHP method
was used in which the plane-wave basis sets were analytically
transferred to an orbital basis.26,27 Integration of the pCOHP
up to the Fermi energy ϵF represents the contribution of the
interaction between two atoms to the band energy (bonding or
anti-bonding) and is indicative of the bond strength. The inte-
grated pCOHP (iCOHP) is given by
iCOHP ¼
ðϵF
pCOHP(E) dE: (2)
Figure 4 compares the value of −iCOHP, summed over all atom
pairs with a distance less than 5Å across the interface, with the
calculated ideal work of separation for each doped system. The
negative sign for iCOHP indicates an overall bonding interac-
tion. It is seen that −iCOHP generally follows the ideal work of
separation and decreases with increasing dopant valence.
C. Discussion on the interfacial bonds
Although the −iCOHP generally matches the ideal work
of separation, deviations can be seen across different dopants
(e.g., Cu, Ag, Au, Tl, Sn, Pb, and Bi). It should be empha-
sized that the COHP method and the ideal work of separation
are mechanically and chemically different methods of assess-
ing the interfacial adhesion and their results may not neces-
sarily match. Nevertheless, it is important to understand the
origin of any differences. One significant observation is that
for the list of special dopants given above, there are notice-
able regions of charge density loss (shown in blue in Fig. 3)
adjacent to the dopant and pointing toward the Ag slab.
There are corresponding regions of charge density gain
(shown in red) away from the Ag slab. This indicates the
presence of an additional interaction between the dopant and
the Ag slab in these cases. More quantitative evidence is
given in Table III which shows values of −iCOHP between
TABLE III. The −iCOHP bond strengths, f1 and f2, between the dopant and
its two closest Ag atoms in the slab with bond lengths l1 and l2. The mean
interfacial spacing d is included for comparison. Horizontal dotted lines
separate the formal valence groups.
f1 (eV) f2 (eV) l1 (Å) l2(Å) d (Å)
Li 0.738 0.375 2.871 3.227 2.074
Na 0.647 0.352 2.963 3.313 2.072
Cu 1.672 1.426 2.678 2.746 2.101
Ag 1.626 1.391 2.752 2.837 2.097
Au 2.044 2.089 2.749 2.715 2.123
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Mg 0.832 0.408 2.983 3.327 2.156
Ca 0.822 0.345 3.057 3.413 2.151
Zn 1.014 0.423 2.931 3.306 2.153
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
B 0.297 0.116 3.041 3.382 2.259
Al 0.731 0.309 3.070 3.419 2.254
Sc 1.024 0.408 3.074 3.416 2.244
Ga 0.808 0.326 3.062 3.416 2.246
In 1.253 0.522 3.004 3.366 2.225
Tl 2.053 0.663 2.908 3.362 2.198
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Si 0.466 0.179 3.223 3.561 2.298
Ge 0.609 0.232 3.194 3.538 2.334
Sn 1.762 0.638 2.945 3.341 2.352
Pb 2.037 0.568 3.009 3.474 2.162
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
P 0.254 0.095 3.385 3.711 2.452
Bi 2.274 0.585 2.980 3.473 2.236
FIG. 4. Ideal work of separation Widealsep and interfacial bond strength
(−iCOHP) as a function of dopant. The two sets of results are superimposed
by making the undoped (Zn) values coincide. Widealsep for the undoped inter-
face is 2.006 J/m2.
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the dopant and the two closest Ag atoms in the slab, together
with the corresponding bond distances. Values in bold are
different from others in the same valence group in that the
bond strengths are larger and the bond distances smaller.
This is despite the fact that the mean interfacial spacing is
sometimes larger in these cases.
Further evidence can be observed in Fig. 5, in which the
total −iCOHP bond strength in Fig. 4 is separated into two
groups: Ag-dopant bonds and all other interfacial bonds
(Ag–O and Ag–Zn). The Ag-dopant bonds associated with a
special dopant are much stronger than other dopants with the
same valence, while the sum of the Ag–Zn and Ag–O bond
strengths generally follows Widealsep and the charge transfer
mechanism. Although indium also exhibits relatively strong
Ag-dopant bonds, weak Ag–Zn and Ag–O bonds as a result
of charge transfer reduce the total interface bond strength,
and no obvious deviation is observed for this dopant.
To understand the Ag-dopant bonds better, orbitalwise
contributions to these interactions have been calculated.
Figure 6 shows that major contributions from the dopant (in
this case either Bi or P) are from the s- and p-orbitals, while
the d-orbital has little effect. This is evident from both the
density of states and the iCOHP results. For both dopants,
hybridization occurs just below the Fermi level between
occupied s- and p-orbitals of the dopant and the occupied
orbitals of Ag. However, the effect is stronger for Bi because
its d-orbital, although low-lying, shifts the s- and p-orbitals
upwards allowing more overlap with the Ag orbitals.
The regions of charge density loss between the special
dopants and the Ag slabs seen in Fig. 3 further suggest that
these elements provide additional charge at the O-t ZnO
surface after separation of the interface. These additional
charges partially passivate the polar surface and are energeti-
cally favored, which may result in an underestimation of the
slab energy compared to the other dopants and subsequently
produce the underestimation of Widealsep seen in Fig. 4.
In Sec. III A, it was noted that Widealsep generally decreases
as the dopant valence increases with the possible exception
of Tl, Pb, and Bi. This can be explained by the relatively
inactive 6s electrons of these elements, which limits charge
transfer to the neighbouring O atoms and therefore strength-
ens the Ag–O bonds. Evidence for this can be found in
the density of states of these elements (see Fig. S2 in the
supplementary material) which shows that the 6s states of
these elements are mostly located below the Fermi level.
This produces interfacial bonds of comparable strength to the
pure ZnO interface and are stronger than interfaces doped
with most trivalent dopants. The large crystal radius of each
of these three dopants (Tl: 1.02 Å, Pb: 0.92 Å, Bi: 1.16 Å)16
leads to an increase in interfacial area as seen in Table II.
It also means that they can be used to inhibit Ag diffusion in
ZnO15 and thus maintain the chemical integrity of the inter-
face. Although Tl and Pb are undesirable due to their toxic-
ity, Bi appears to be a promising dopant which could limit
inter-diffusion and not significantly affect the strength of the
interface. Evidence of an increased energy barrier for diffu-
sion is given below.
IV. SILVER DIFFUSION IN DOPED ZINC OXIDE
In a previous study,15 we proposed that doping ZnO with
donor elements such as Al, Sc, and Sn can effectively increase
the migration barrier for diffusion of Ag in ZnO. However,
these dopants also reduce the Ag/ZnO interfacial adhesion as
FIG. 6. Projected densities of states for a dopant (Bi or P) at the interface and for Ag atoms in the adjacent layer. Values of −pCOHP and −iCOHP are also
shown. Positive contributions from −pCOHP are bonding interactions while negative ones are those of antibonding.
FIG. 5. Partial interfacial bond strength (−iCOHP) due to Ag-dopant bonds
(crosses) and all other interfacial bonds (circles) as a function of dopant.
Colours indicate different formal valence groups.
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the present work has shown. Monovalent elements such as Li
appear to be a good choice in terms of interfacial strength and
therefore it is of interest to study their kinetics in ZnO. Nudged
elastic band calculations have been performed on Ag diffusion
in Li-doped ZnO using the same computational setup as used
previously.15 Unfortunately, Li is found to assist Ag diffusion
involving a process in which the Ag atom substitutes for Li on
a Zn site. This Li-assisted mechanism agrees well with experi-
mental observations by Azarov et al.33 On the other hand, Bi
appears to be a potentially useful dopant which may inhibit Ag
diffusion because of its size and also not weaken the interface
significantly. Similar nudged elastic band calculations have
been performed on Ag diffusion in Bi-doped ZnO, and
the energy barrier is found to be 1.35 eV (see Fig. S3 in the
supplementary material) which compares favorably with
values of 0.75 eV for pure ZnO and 0.89 eV for Al-doped
ZnO.15 Thus, Bi does indeed inhibit Ag diffusion in ZnO.
V. CONCLUSIONS
Using first principles DFT modeling, we have shown how
substitutional doping can influence the mechanical strength of a
Ag/ZnO interface commonly found in various multilayer thin-
film systems. Two approaches have been used: calculation of
the ideal work of separation and calculation of interfacial bond
strengths using the iCOHP method. Both methods support the
same general trend: replacing Zn with a monovalent dopant
strengthens the interface while dopants with a valence greater
than two weaken it. Isovalent dopants have little effect. The
overall behavior can be explained largely in terms of a charge
transfer mechanism at the interface. However, for a particular
group of dopants which include Tl, Pb, and Bi, small differ-
ences in the results obtained by the two methods reveal addi-
tional interactions that contribute to the interfacial strength. In
particular, the iCOHP method indicates the presence of hybridi-
zation between the s- and p-orbitals of the dopant and the orbit-
als of Ag just below the Fermi level. The presence of d-orbitals
in the dopant enhances this hybridization by shifting the s- and
p-orbitals to higher energies. Although monovalent dopants
appear to be preferred in terms of improving the strength of the
interface, they do not inhibit inter-diffusion of Ag into the ZnO
and therefore could lead to chemical degradation of the thin-
film system. Of the dopants studied in this work, Bi seems to
be the best in that it does not significantly affect the interfacial
strength and provides a relatively large barrier for Ag diffusion.
It is clear, however, that complete control over the mechanics,
kinetics, and chemistry of the interface requires a careful choice
of dopant types and concentrations.
SUPPLEMENTARY MATERIAL
See supplementary material for (i) the planar electrostatic
potential normal to the pristine and Bi-doped interface, (ii)
densities of states and COHP for the pristine and doped inter-
faces, and (iii) minimum energy diffusion paths for Ag
migration in Bi and Li-doped ZnO.
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